The interaction between phytochrome photoequilibrium (X) and photon flux in the photoregulation of anthocyanin production under prolonged irradiation was studied in seedlings of Brassica oleracea L. and Lycopersicon esculentum Mill. In cabbage, anthocyanin production increases with decreasing X, reaching a maximum at the lowest value (X = 0.13) used in this study; in tomato, the extent of the response is higher at intermediate values, reaching a maximum at X = 0.46. In cabbage, the response increases with increasing photon flux at all 4 values; however, the response to changes in photon flux is minimal at 4 = 0.85, and, at 4 = 0.13, minimal at photon fluxes higher than 5 micromolar per square meter per second. In tomato, the response increases with increasing photon flux at X = 0.46, 0.65, and 0.85, the response to changes in photon fluxes being minimal at 4 = 0.85; at 4 = 0.13 and 0.29 the response first increases (significantly at 4 = 0.29 and minimally at 4 = 0.13) and then decreases with increasing photon fluxes, the transition occurring at about 1 micromolar per square meter per second at 4 = 0.13, and at 5 micromolar per square meter per second at 4 = 0.29. The patterns of light quality-quantity interaction in the photoregulation of anthocyanin production are significantly different in cabbage and tomato and are also significantly different than those observed for other photomorphogenic responses to prolonged irradiations.
The production of high levels of anthocyanin in young seedlings requires prolonged exposures to visible and nearvisible radiation at relatively high photon fluxes'; the extent of the response is a function of light quality and quantity (9, 10) . Anthocyanin production and other plant photomorphogenic responses to prolonged irradiation in the R2 to FR (600-760 nm) spectral region are mediated by phytochrome (14, 17) . Phytochrome, a plant photosensory pigment, is reversibly interconverted by light between two forms, Pr and Pfr; Pfr is generally considered as the physiologically active form (17) . According to current hypotheses (5) under prolonged irradiation is a state of dynamic equilibrium, which is a function of wavelength and photon flux. This state can be defined, in first approximation, by the values of X and H: X, the Pfr/Ptot ratio at photoequilibrium, is a function of light quality; H, the rate of cycling between Pr and Pfr at photoequilibrium, is a function of light quality and photon flux. Reasonably enough, in current hypotheses (5, 14) , the wavelength and photon flux dependence of the state of phytochrome at photoequilibrium is considered the basic factor responsible for the wavelength and photon flux dependence of phytochrome-mediated responses to prolonged irradiations. However, the variability in the wavelength and photon flux dependence of phytochrome-mediated responses to prolonged irradiations (14) has not allowed the development of a unified model for the relationships between phytochrome states and extent of the expression of the response.
Previous studies in my laboratory (10, 16) have shown that the R/FR effectiveness ratio for anthocyanin production under continuous irradiation can be significantly affected by the duration and the photon flux ofthe light treatments. However, specific studies on the relationships between the state of phytochrome, as defined by X and H, and anthocyanin production, under continuous light treatments, at values of 4 different than those established by R and FR, had not been carried out. The purpose of this study was to determine the extent of the differences in the pattern of interaction between light quality and quantity on phytochrome-mediated anthocyanin production in the seedlings of two species, Brassica oleracea L. and Lycopersicon esculentum Mill., which show large differences in the sensitivity of the response to R and FR (10, 16, 20) . Anthocyanin production in both species shows a marked response to BL, which is mediated by cryptochrome (21 92, 1990 of streptomycin (200 ,ug/mL; 8 mL per dish) and were incubated in darkness until the beginning of the light treatments, which started 4 d after sowing. Streptomycin inhibits Chl synthesis and enhances anthocyanin production (13) (2) . Values of X and k under R and FR were determined first, and used to calculate the R/FR photon flux ratios required in simultaneous R + FR irradiations to produce X values of 0.30, 0.45, and 0.65; the average, measured values were 0.29, 0.46, and 0.65. The experiments for each combination of X and photon flux proceeded as follows: the light source, R, FR, or combination, was set as required; X and k were measured; subsequently, the seedlings were exposed to the 24 h treatment used for anthocyanin production. Rates of photoconversion at photon fluxes higher than 5 to 10 ,tmol m-2 s-', depending on the X value, were too fast for accurate determination and were extrapolated from the data obtained at lower photon fluxes; / values were measured at all photon fluxes used. Measured values of X and k in vivo were preferred over projected values (calculated from the spectral photon flux distribution of the light sources used and photochemical parameters ofpurified phytochrome) because projected values may vary significantly depending upon the set of photochemical parameters of phytochrome used in the calculations ( 12) and are also significantly different than those measured in vivo (1 1). Even though measured values were used, there are some limitations that must be mentioned. The values of X and H used in these study were obtained from measurements in 4 d old, dark-grown seedlings. It is not known if these values remain the same throughout the course of the 24 h light treatments used for anthocyanin production. As a consequence of phytochrome destruction in light, the phytochrome content is soon reduced to levels that are too low for accurate measurements of photoconversion rates, especially in tomato, whose phytochrome content (0.007-0.009 AAA per 40 seedlings) is much lower than in cabbage (0.019-0.025 AAA per 25 seedlings). A few measurements of ( (2-4 per treatment), taken about 4 h after the beginning of the light treatments, showed no significant differences from the X values given above.
RESULTS AND DISCUSSION Anthocyanin production was expressed as a function of photon flux (Fig. 1), H (Fig. 2) , and / (Fig. 3) to emphasize, respectively, the dependence on these three variables and to facilitate the comparison with data from other studies. Expressing the response as a function of / and H (Figs. 2 and  3) , instead of and photon flux (Fig. 1), analysis of the relationships between phytochrome state and extent of phytochrome-mediated responses (2, 6), because, in Figure 1 , points at the same abscissa (same photon flux) on the different 4 curves differ not only in X, but also in H. The relationships between photon flux, k, and H for the values of X used in this study are given in Table I (Figs. 1 and 2) . The large difference in phytochrome content between tomato and cabbage (see "Materials and Methods") might be one of the factors responsible for the difference in the extent of the response. The results of preliminary studies with phytochrome-poor tomato mutants (1) (1) .
The second noticeable difference between the two species is in the dependence of the response on 0. In cabbage, anthocyanin production increases with decreasing f (Fig. 3) , as expected: in this species, the peak of action for anthocyanin production under prolonged irradiation is in the FR waveband (9, 10). In tomato, anthocyanin production is higher at intermediate 0 values (Fig. 3) .
In cabbage, anthocyanin production increases with increasing photon flux and H (Figs. 1 and 2) . The response to changes in photon flux and H is minimal at X = 0.85 and increases with decreasing 0. At X = 0.13, the response to changes in photon flux is pronounced between 0.25 and 5 Mmol m-2 s-' and minimal between 5 and 50 ,umol m-2s-'. At the highest photon flux and H used in this study, there is no significant differences in anthocyanin production at f = 0.13 and 0.29.
In tomato, anthocyanin production increases with increas- Pfr/Ptotal at photoequilibrium Figure 3 . Effect of phytochrome photoequilibrium on anthocyanin production in cabbage and tomato seedlings at various cycling rates. Anthocyanin was extracted after 24 h continuous irradiation. The results obtained in this study support the argument on the importance of using appropriate operational criteria ( 18) to determine photoreceptor involvement in photomorphogenesis. Under irradiation from the light sources with no detectable BL used in this study, anthocyanin production in tomato reaches a maximum at X = 0.46 (Fig. 3) , a value close to that (0.40-0.45) established by BL (1 1), the most effective spectral region for anthocyanin production in tomato (15) . These observations, combined together, may suggest that the high efficiency of BL for anthocyanin production in tomato may be linked to maintaining an optimal value of X rather than to the involvement of a specific blue-light photoreceptor (cryptochrome). However, experiments based on the principle of equivalent light action show that BL is significantly more effective than RF (a mixture of R and FR with no detectable BL) for anthocyanin production in tomato under conditions in which BL and RF maintain the same state of phytochrome ('kBL = ORF; kBL = kRF; HBL = HRF; 21). Since BL excites both cryptochrome and phytochrome and RF excites phytochrome, but not cryptochrome, the difference in anthocyanin production between BL and RF treatments maintaining the same state of phytochrome can reasonably be attributed to the involvement of cryptochrome in the mediation of the action of blue light (21) .
The extent of the response to changes in photon flux is significantly affected by X, as shown by the differences in the slopes of the curves for different 0 values (Figs. 1 and 2) .
Conversely, the relative efficiency of light of different spectral quality, establishing different values of X, is significantly affected by the photon flux of the light treatment (Fig. 3) . A valid argument can be made for the necessity of using a wide range of experimental conditions in studies of the basic characteristics of photomorphogenic responses to prolonged irradiations. The X values used in this study are within the range of those that can be obtained using monochromatic radiation of wavelengths between 670 and 710 nm (4670 = 0.83-0.87; 0710 = 0.08-0.14; 12). The results presented here suggest that, for example in studies of the wavelength dependence of the response, the wavelength of the peak of action, the width of the band at the peak of action, and the relative effectiveness of different wavelengths may vary significantly, depending on the photon flux.
The patterns of interaction between light quality and quantity on anthocyanin production are significantly different in cabbage and tomato and are also significantly different from those reported in studies of other responses to prolonged irradiation, for example, light-dependent inhibition of hypocotyl elongation. In etiolated mustard seedlings (8) , the extent of the response (% inhibition of hypocotyl elongation) is a function of photon flux only at 0 values between about 0.05 and 0.80; a response to changes in was observed only at 0 < 0.05. In light-grown cucumber (6) and mustard (8) seedlings, the extent of the response (% inhibition of hypocotyl elongation) increases with increasing 0. Anthocyanin production increases with decreasing X in cabbage and peaks at intermediate in tomato (Fig. 3) . 
